Purpose Biological reactions against wear particles are a common cause for revision in total knee arthroplasty. To date, wear has mainly been attributed to polyethylene. However, the implants have large metallic surfaces that also could potentially lead to metal wear products (metal ions and debris). The aim of this study was to determine the local release of cobalt, chromium, molybdenum and titanium in total knee arthroplasty during a standard knee wear test. Methods Four moderately conforming fixed-bearing implants were subjected to physiological loadings and motions for 5×10 6 walking cycles in a knee wear simulator. Polyethylene wear was determined gravimetrically and the release of metallic wear products was measured using high resolutioninductively coupled plasma-mass spectrometry. Results A polyethylene wear rate of 7.28±0.27 mg/10 6 cycles was determined and the cumulative mass of released metals measured 1.63±0.28 mg for cobalt, 0.47±0.06 mg for chromium, 0.42±0.06 mg for molybdenum and 1.28±0.14 mg for titanium. Conclusion For other metallic implants such as metal-on-metal total hip arthroplasty, the metal wear products can interact with the immune system, potentially leading to immunotoxic effects. In this study about 12 % by weight of the wear products were metallic, and these particles and ions may become clinically relevant for patients sensitive to these materials in particular. Non-metallic materials (e.g. ceramics or suitable coatings) may be considered for an alternative treatment for those patients.
Introduction
Total knee arthroplasty (TKA) is a very successful treatment for degenerative joint disease, achieving good to excellent long-term results, and approximately one million knee replacements are performed worldwide each year [1] . Although patients generally benefit from joint replacement in terms of mobility and quality of life, the outcome of TKA is worse than for total hip arthroplasty (THA) [1] . TKA can fail over time and a mean revision rate of 6 % after five years has been reported in a current analysis of worldwide joint registers [2] .
TKA failure is generally multifactorial even though the main reasons may be related to mechanical or biological causes [3] . Chronic inflammation following the generation of wear particles has been identified as the main biological mechanism leading to implant failure [4] . It is well known that metal wear products may cause systemic and local effects and that they are able to interact with the immune system. It has been shown that metal ions decrease the proliferation of osteoblasts, and therefore metal wear products might play a significant role in the aetiology of osteolysis [5] . In THA, metal-on-metal bearings have recently been shown to have high failure rates due to metallic wear debris [6] . Although systemic effects are rare [7] , local effects including the formation of pseudotumours are frequently reported in MoM THA [8] [9] [10] . It is not yet clear whether these reactions are driven by immunotoxic or hypersensitive reactions [11, 12] . Although the incidence of allergic reactions to the implant is unclear, they seem to occur more frequently in TKA than THA [13] . In TKA, articulation typically occurs between the metallic femoral component and the tibial inlay made out of ultra-high-molecular-weight polyethylene (PE). Wear has been mainly attributed to the softer PE and in recent years much effort has been put into understanding the wear mechanism of PE and into optimising implants. However, evaluation of metal wear particles and ion release in TKA has been neglected so far and there are no studies that describe metallic wear kinetics of the local metal ion release for these implants. Total knee arthroplasty implants present large metal surface areas, which could lead to metal ion release due to corrosion processes. Furthermore, explanted femoral components show abrasive wear in the form of scratches on the metallic surfaces [14] . It must therefore be expected that TKA leads to an increasing release of metal wear products. In this study, we aimed to analyse the wear performance of a TKA using a knee wear simulator and to study the kinetics of metal ion and particle release in terms of cobalt (Co), chromium (Cr), molybdenum (Mo) and titanium (Ti).
Material and methods
Wear and metal particle release were determined for four moderately conforming fixed-bearing TKAs (P.F.C.® SIG-MA®, DePuy Orthopaedics Inc, Warsaw, USA) (Fig. 1) . The posterior cruciate retaining femoral components (size 3) were made of cast CoCr28Mo6 alloy according to ASTM F75, and the tibial trays (size 3, 71 x 47 mm) were made of wrought Ti6Al4Valloy according to ASTM F136. The curved tibial inserts (size 3) made of PE (GUR 1020) were attached to the tibial trays by a snap-fit mechanism. The thickness of the γ-irradiated (dose ∼25 kGy) tibial inserts was ten millimetres.
In-vitro wear simulation, implant kinematics and PE wear Force-controlled simulation according to ISO 14243-1:2009(E) was carried out on the AMTI knee simulator (Model KS2-6-1000, Advanced Mechanical Technology Inc., Watertown, MA, USA) [15] (Fig. 1) . Compressive load was offset medially 5.0 mm from the varus-valgus axis to create higher forces on the medial compartment [16, 17] . All of the tibial components and articulating surfaces of the femoral components were immersed in diluted calf serum (PAA Laboratories GmbH, Pasching, Austria) throughout the wear test in sealed chambers maintained at 37±1°C.
A protein concentration of 20 g/l was chosen and 1.85 g/l sodium azide (NaN 3 ) was added to retard bacterial growth. Prior to simulation, the tibial inserts were presoaked in serum and gravimetrically measured at weekly intervals. The presoak ceased once the incremental mass change of the inserts was less than 10 % of the cumulative mass change. The following test parameters were employed: a maximum load of 2600 N, a flexion angle of 0-58°, AP (anterior-posterior) force of −265 N to 110 N, and an IE (internal-external) rotational torque of −1 Nm to 6 Nm. As the laxity of ligaments influences the wear behaviour of TKA, asymmetric-nonlinear motion restraints were chosen for AP and IE to simulate the clinical situation of a sectioned anterior cruciate ligament and a retaining posterior cruciate ligament [15] . Simulation lasted a total of 5×10 6 cycles at a frequency of 1 Hz. One sample served as a soak control and was only loaded axially. Every 0.5×10 6 cycles the components were cleaned and gravimetrically measured according to ISO 14243-2:2009(E). To minimise inter-station variability tibial inserts were rotated between wear stations every 0.5×10 6 cycles. Serum was replaced in the same intervals. Kinematic implant data (AP translation and IE rotation) was recorded during simulation to evaluate the mobility of the implant systems.
Surface characterisation and metal release
To determine the wear mechanism, surface images of the worn PE inserts and metallic femoral components were taken using scanning electron microscopy (SEM) (Leo 440, Zeiss, Cambridge, United Kingdom) and by an optical camera of a co-ordinate measuring machine (MS 222, Mahr, Gottingen, Germany).
Surface alterations on the metallic femoral components were determined by measuring the surface roughness (arithmetical mean, R a ) at the beginning and end of wear testing using a roughness measurement instrument (Perthometer M2, Mahr, Gottingen, Germany).
The release of cobalt, chromium, molybdenum and titanium was determined by measuring the ion concentration in the serum every 0.5×10 6 cycles using high resolution-inductively coupled plasma-mass spectrometry (HR-ICP-MS) (Element2, Thermo Fisher Scientific, Bremen, Germany). The accuracy and validity of this method has previously been demonstrated [18] . To detect not just ions but also particles in the serum, the samples were first digested with high-purity nitric acid (HNO 3 ) and hydrogen peroxide (H 2 O 2 ) in Teflon containers under clean-room conditions in a microwave high-pressure autoclave (ultraCLAVE II Milestone, Bergamo, Italy). The sample solutions were diluted with ultra-pure water and examined with the HR-ICP-MS system. To use the full detection power of HR-ICP-MS, the potential risk of sample contamination had to be minimised. Thus, metallic components were avoided in the implant fixation and simulation chamber, as these tend to corrode and release ions. Therefore the implant fixation and simulation chambers were made from polyurethane (PU) and polycarbonate (PC) and metallic components were coated with per-fluoride ethylene-propylene (FEP) (Fig. 1) . To distinguish between surface corrosion of the implant components and articulation-induced metal release (which can be seen as a combination of mechanical wear and corrosive wear), serum samples of the soak control were also analysed in the same intervals as the articulating implants. The validity, accuracy and precision of this analytical approach and the applicability of wear and corrosion determination have recently been shown [19, 20] .
Statistics
Student's t-test for two independent parametric samples was used to compare surface roughness at the beginning and the end of the wear test. Regression analysis was performed on metal release and PE wear rate. All data are presented as mean ± standard deviation (SD) of the mean.
Results

PE wear and implant kinematics
Taking weight increases of the soak-control inserts into account, an average PE wear rate of 7.28±0.27 mg/10 6 cycles (R =0.995; p ≤0.001) was determined (Fig. 2) . The IE rotation averaged 8.74±0.95°and the AP translation 8.57±1.06 mm.
Surface characterisation and metal release
Polishing and burnishing were the dominant wear mechanisms on the PE inserts (Fig. 3) .
In Fig. 4 the microstructure of the CoCr28Mo6 alloy is shown. Besides the matrix, the material contains a network of eutectic carbides (bright area). The metallic femoral components mainly showed pitting as well as third body and abrasive wear mainly originating from the cobalt-rich matrix material.
The surface roughness of the femoral components increased from 0.016 ± 0.004 μm (unworn) to 0.191± 0.270 μm (worn area) at the end of the test (p =0.03).
After 5×10 6 cycles, the cumulative metal release measured 1.63±0.28 mg for cobalt, 0.47±0.06 mg for chromium, 0.42± 0.06 mg for molybdenum and 1.28±0.14 mg for titanium. The metal release progressed linearly and the rate of sole surface corrosion was 0.06 mg/10 6 cycles (R =0.993; p ≤0.001), whereas the rate of articulation-induced metal release was found to be 0.80 mg/10 6 cycles (R =0.996; p ≤0.001) (Fig. 5) .
Discussion
To the authors' knowledge, this is the first study that has experimentally measured the metal ion release and PE wear in an implant for TKA and distinguished between corrosive and abrasive wear. The investigated implant systematically released metallic wear products: cobalt, chromium, molybdenum and titanium. The metal release steadily increased during the course In terms of wear volume, this corresponds to 1.7 % metallic wear as compared to the PE wear. Although PE is a soft material the release of metallic wear products seems to be mainly attributed to abrasive processes and corrosion of the metallic wear particles rather than corrosion of the bulk material. Currently, there is a lack of data to compare the results of the determined metal ion kinetic with other metal-on-PE articulations. Compared to metal-on-metal (MoM) total hip arthroplasty (THA), the kinetics of the metal release of TKA seems to be different. Simulator studies have shown that the highest MoM THA wear occurs during the first 0.5--1.0 10 6 cycles. This indicates running in wear followed by lower steady-state wear levels [21] . In MoM bearings, the running in process allows both counterparts to build up a characteristic wear patch that increases conformity between the components, obviously promoting fluid film lubrication and thus decreasing wear (steady state wear).
The metallic wear rate found in this study for TKA is low compared to MoM THA [22] , and the wear mechanism of the metal-PE articulation in TKA seems to be different. Metallic wear products were released steadily without alterations in the wear progression. This may be due to the mode of lubrication; PE articulations are known to operate mainly in the boundary lubrication regime [23] . The viscoelasticity of PE may lead the material to creep and to adapt the worn metallic surface structure over time. Due to these aspects the promotion of full fluid film lubrication and therefore a wear reduction should not be expected in PE articulations. Clinically, metallic wear in metal-PE articulations has been attributed to third bodies such as bone cement or bone particles [14] . However, in this simulator study these types of third bodies were not present. Some studies reported the formation of calcium-phosphate layers on the articulating metallic surfaces [24] , which may possibly chip off during articulation and cause third body wear.
On the metallic femoral components in this study (made of CoCr28Mo6 alloy) wear was dominant within the cobalt rich matrix (Fig. 4) . Carbides are known to be very hard and rich in molybdenum and chromium [21] . Surprisingly, the proportion of molybdenum within the metallic wear was much higher compared to the composition of the alloy (Fig. 5) . This possibly indicates that carbides (or fragments of these) were also released during the articulation. Consequently, the higher hardness of the carbides (or fragments) within the articulation may have caused the observed abrasive and third body wear on the femoral components.
Moreover, in comparison to the other elements, high titanium values were found. Titanium was released from the tibial plateau (made of Ti6Al4V alloy), although the tibial plateau is not intended for articulation. The titanium alloy has a very thin oxide layer which is sensitive to fretting [25] . It seems that even with a softer material like PE, micromotions (between the backside of the PE insert and the tibia plateau) may cause a relevant release of titanium wear products.
So far, metal wear has been mainly associated with MoM THA rather then TKA. However, a few clinical studies have also reported increased systemic metal ion levels for TKA patients, which were primarily reported after loosening or malfunctioning of the implant [26, 27] . A single study reported a significant increase in serum ion concentration (between one and four μg/l) for patients treated with TKA [28] , but another study was not able to show any significant increase in metal ions [29] . However, the results of these clinical studies are not directly comparable to our study as they determined the systematic metal ion levels in patients' blood or serum, which is different from the local ion release and absolute amount of wear products at the implant. Furthermore, these studies attributed the systemic metal ions mainly to corrosion of the implants. In contrast, our study showed the absolute release of wear products and their origin. Beside PE wear, approximately 12 % by weight of metallic wear products were also Fig. 4 The SEM image of the surface of the femoral components shows the microstructure of the CoCr28Mo6 alloy and wear scars. Mainly pitting and abrasive wear originate from the cobalt-rich matrix material Fig. 5 The articular-induced metal release for titanium (Ti), molybdenum (Mo), chromium (Cr) and cobalt (Co) is shown contrasting the corrosion level of the alloy. The error bars present the standard deviations of the means for each measurement interval released for the implant investigated. Other wear mechanisms were observed in addition to corrosion.
There are some limitations to this study. This in-vitro study was performed in a relatively short time frame and so the effect of corrosion (of the bulk material or corrosion of released wear particles) may have been underestimated. The results are not necessarily applicable to other types of implants and may differ with other types of alloy or implant design.
Nevertheless, the method of analysing both, PE and metallic wear products is a powerful tool to study the overall wear performance of TKA and to investigate the efficacy of surface treatments (coatings, etc.) aimed at optimising the wear performance.
Conclusion
Although the systematic and long-term effects of metal ions and particles on the human organism and their effect on the clinical outcome of TKA are still unknown, this study shows that relevant levels of cobalt, chromium, molybdenum and titanium are continuously released from the implant to the local environment. If patients who are sensitive to metallic implant materials are eligible for TKA treatment, non-metallic materials (e.g. ceramics or suitable coatings) may be considered as an alternative.
